Speech production can be described in multiple coordinate frames: articulatory configurations, gestural tasks, and acoustic patterns. Examination of the achievement of retroflex stops and liquids in Tamil suggests that we must consider separately the gestural task of apical post-alveolar constriction and the articulatory maneuver to achieve the task. The maneuver of the tongue during retroflex consonants varies across vowel contexts. Specifically, in the symmetrical intervocalic contexts between back vowels /a/ and /u/, an apical post-alveolar constriction is achieved by curling back the tongue. In the context of high front vowel /i/, a laminal post-alveolar constriction is achieved by bunching the tongue. However, the location of retroflex consonant constriction within the vocal tract is consistent across all of these vowel contexts, suggesting that the constriction task remains the same. Variation in the articulatory configuration of the retroflex in the two contexts was quantified through Gaussian curvature functions at fourteen points along the tongue, sampled at evenly spaced points throughout the vocal tract, on every other gridline of a polar-rectangular grid in every frame in each utterance. The empirical results support the notion that the articulatory configuration coordinate frame and the gestural task frame provide separate, but related, descriptions of speech production.
INTRODUCTION
In the task dynamic model of speech production, articulatory gestures specify the location and degree of a constriction. The actual articulatory configurations necessary to achieve this constriction are not specified, but rather determined primarily by a set of contextual factors that may govern the state of the vocal tract. It is interesting, then, that there is an entire class of consonants, the retroflexes, which are apparently characterized instead by an articulatory maneuver employed in order to achieve contact between the tongue tip and the post-alveolar region of the palate. Does such a classification suggest that retroflexion of the tongue is achieved invariably using that particular articulatory maneuver? If so, what does it mean for the task dynamic model if we can classify these consonants by something other than their constriction task, instead appealing to how an articulator is configured?
Tamil (Dravidian) is an ideal language to examine in trying to answer these questions, as its phoneme inventory includes several retroflex consonants (Keane, 2004) . By using real-time MRI to examine the so-called retroflex consonants in varying vowel contexts in which the tongue body is employed in different ways, we can see how and to what extent the articulatory maneuvers of these consonants will be affected. Our aim is to use measures of constriction location and tongue shaping to shed some light on whether we can actually characterize a class of consonants according to the articulatory maneuver of retroflexion rather than a target constriction location.
Previous work on Tamil indicates that we may indeed find variability in the articulatory maneuvers of retroflex consonants. Wiltshire & Goldstein (1997) found that retroflex consonants showed more variability in tongue tip orientation across vowel contexts than their dental/alveolar counterparts. Our use of real-time MRI rather than EMA allows us to further investigate the particulars of tongue shaping that lead to these differences in orientation, as well as constriction location and degree. Narayanan, Byrd, & Kaun (1999) established MRI as a viable method for the study of tongue shaping during dental/alveolar and retroflex consonants in Tamil.
METHODS

Elicited Speech
Target words in this study were all nonce words produced in isolation, and were all of the form pV__Vm, with the target consonant being produced between the two vowels. The vowel contexts in which the target consonant occurred were symmetrical. There were a total of nine target consonants (dental/alveolar stops, nasals, and rhotics, and an alveolar lateral approximant) produced in three vowel contexts (/a/, /i/, and /u/) for a total of twenty-seven unique forms. These were divided into two sets that were produced in alternation for a total of five repetitions for three speakers, and three repetitions for Speaker 4. Here, we will only consider the retroflex oral stops and rhotics.
Image Acquisition
Images were acquired for four speakers (three male, one female) with a real-time MRI protocol developed specifically for use in examining speech production (Narayanan et al., 2004) . Images of speakers' vocal tracts (glottis, pharynx, and oral and nasal cavities) were taken on the midsagittal plane and reconstructed with a frame rate of 33.18 frames per second and a resolution of 68 x 68 pixels.
Image Analysis
MRI videos were inspected using a custom graphical user interface which overlays a grid of approximately thirty lines orthogonal to the vocal tract (Narayanan et al., 2011; Proctor, Bone, & Narayanan, 2010) . Detection of the upper and lower edges of the vocal tract were generated by marking where the vocal tract surfaces crossed each of these gridlines. Video frames corresponding to the beginning of movement toward the consonant target, initial consonant closure, and the end of movement away from the target were selected. Here, we will only discuss frames corresponding to initial achievement of closure for a target consonant.
Constriction location for each consonant was measured to the nearest gridline. In order to quantify tongue shaping during consonant articulation, measurements of Gaussian curvature were calculated. First, the curvature of the lower surface of the vocal tract, measured along the approximately thirty overlaid gridlines, was upsampled, then downsampled to fourteen evenly spaced points. For each set of three adjacent points, the diameter of the circle going through these three points was calculated. Then, the inverse of that circle diameter was taken so that a sharp curvature would have a high Gaussian curvature rating, and a gradual curvature would have a low rating.
RESULTS & DISCUSSION
Shaping of Tongue
Analysis of tongue shape during the articulation of retroflex stops and rhotics revealed quite a bit of difference depending on whether they were produced in the context of high front vowel /i/ or the back vowels /a/ and /u/. As discussed in Section 2.2, a Gaussian curvature analysis was applied to the curvature of the tongue in the three vowel contexts. The results show that in the /i/ vowel context, so-called retroflex consonants have little or no negative Gaussian curvature, which would signal curling back of the tongue tip. On the other hand, these same consonants in /a/ and /u/ contexts show sharp negative curvature at some point in the region of the tongue blade. Thus, in the /i/ context it appears that the post-alveolar consonant is achieved through bunching of the tongue, with little or no curling back of the tongue tip. However, in /a/ and /u/ contexts the post-alveolar consonant is achieved through the canonical articulatory maneuver of retroflexion.
Constriction location
Despite the fact that tongue shaping for the 'retroflex' consonants was quite variable across vowel contexts, constriction location in the post-alveolar region was fairly stable across vowel contexts. Recall that constriction location was measured by the superimposed gridline crossed by the tongue at the point at which it made contact with the palate. For all speakers, retroflex/post-alveolar consonants usually occurred at one specific gridline, and never varied farther toward the front or back by more than one gridline, no matter the vowel context. Thus, constriction location was relatively stable across vowel contexts, even though the actual maneuver to achieve contact between tongue tip and palate was variable.
